Background/Aims: Most pesticide formulations contain both chief and additive ingredients. But, the additives may not have been tested as thoroughly as the chief ingredients. The surfactant, nonyl phenoxypolyethoxylethanol (NP40), is an additive frequently present in pesticide formulations. We investigated the effects of NP40 and other constituents of a validamycin pesticide formulation on cell viability and on the expression of genes involved in cell damage pathways. Methods: The effects of validamycin pesticide ingredients on cell viability and of NP40 on the mRNA expression of 80 genes involved in nine key cellular pathways were examined in the human neuroblastoma SK-N-SH cell line. Results: The chemicals present in the validamycin pesticide formulation were cytotoxic to SK-N-SH cells and NP40 showed the greatest cytotoxicity. A range of gene expression changes were identified, with both up-and down-regulation of genes within the same pathway. However, all genes tested in the necrosis signaling pathway were down-regulated and all genes tested in the cell cycle checkpoint/arrest pathway were up-regulated. The median fold-change in gene expression was significantly higher in the cell cycle checkpoint/arrest pathway than in the hypoxia pathway category (p = 0.0064). The 70 kDa heat shock protein 4 gene, within the heat shock protein/unfolded protein response category, showed the highest individual increase in expression (26.1-fold). Conclusions: NP40 appeared to be particularly harmful, inducing gene expression changes that indicated genotoxicity, activation of the cell death (necrosis signaling) pathway, and induction of the 70 kDa heat shock protein 4 gene.
INTRODUCTION
Pesticides are used to increase food production by reducing the loss of crops to weeds, insects, fungal infections, parasites, and rodent pests. However, pesticides can also have negative impacts on non-target organisms. Each year, hundreds of thousands of people around the world die from the effects of pesticide use or misuse [1] .
Validamycin, also called validamycin A, is a non-systemic fungicidal antibiotic [2] that is particularly effective against soil-borne diseases [3] . Pesticide Action Network North America has described validamycin as "not acutely toxic," since its median lethal dose (LD 50 ) exceeds 20,000 mg/kg (United States Environmental
The Korean Journal of Internal Medicine Vol. 30, No. 6, November 2015 Protection Agency, 1994). Until recently, there was no evidence that validamycin caused illness in humans. However, we recently encountered a patient showing hypotension, unconsciousness, hypoxia, and high anion gap metabolic acidosis after ingesting 200 mL of an undiluted validamycin herbicide preparation containing a range of chemicals (Table 1) .
Most pesticide formulations contain both "chief" and "additive" ingredients. Chief ingredients are used to target pests, and their efficacy is enhanced by the presence of the additive ingredients. Ingestion of a pesticide results in exposure to all of its ingredients. The additives may not have been tested as thoroughly as the chief ingredients, and are seldom disclosed on product labels. For this reason, physicians may need to be aware of the effects of additive ingredients.
After investigating the validamycin formulation ingested by our patient, we discovered that it contained a number of additives, including an emulsifier, a stabilizer, a coloring agent, a pH regulator, an antifoaming agent, and supplements (Table 1) . We hypothesized that the symptoms observed in this patient were caused by one or more of these additives. To test this hypothesis, we studied the clinical features of the patient and performed in vitro experiments to analyze the cytotoxicity of each chemical in the formulation.
METHODS

Case study
A female patient aged 72 years was admitted to hospital in a critical condition within 1 hour of ingesting 200 mL of a validamycin formulation. Upon admission, she had shallow respiration and her O 2 saturation was < 70%. After receiving first aid and undergoing tracheal intubation, the patient was transferred to the Pesticide Intoxication Institute at Soonchunhyang University Cheonan Hospital.
When we first examined the patient, she was in a semi-coma state, with a blood pressure of 100/70 mmHg and a pulse rate of 76 beats per minute. Arterial blood gas analysis showed hypoxia, with a high anion gap [Na + -(HCO 3 -+ Cl -) = 32.4] metabolic acidosis (pH = 7.13).
Metabolic acidosis was corrected after a single session of hemodialysis. Lipid emulsion product (20%) was injected intravenously, using 500 mL over 2 hours as the loading dose, followed by a maintenance dose of 1,000 mL over the next 24 hours. The patient's mental status improved, although she remained drowsy. We were able to remove her tracheal tube on her third hospital day, and she began taking a liquid diet on the following day. The patient was transferred to the general ward on her 7th hospital day and discharged on the 18th day, with no signs of any specific health abnormalities. Prior to each cytotoxicity assay, a stock concentration of each formulation ingredient was prepared in an appropriate vehicle. SK-N-SH cells (100 µL) were seeded into 96-well plates at 2 × 10 4 cells/well, and incubated for 24 hours. When cells reached 70% to 80% confluence, 100 µL of the test chemicals (freshly prepared in RPMI media) were added into the wells at concentrations of 0.01 µM to 1 mM, and incubated for a further 24 hours at 37°C. The total volume of vehicle added to the cell culture plates was always ≤ 1.0% of the media volume, to minimize vehicle effects on the cells.
MTT assays were then performed using the method previously described by Mickisch et al. [4] . Briefly, the cells were treated with 100 µL of 0.5 mg/mL MTT solution and incubated for an additional 2 hours at 37°C. The MTT solution was then removed and 100 µL of dimethylsulfoxide (DMSO; Sigma-Aldrich) was added to each well to dissolve the formazan. The absorbance was then measured using an enzyme-linked immunosorbent assay (ELISA) reader (Perkin Elmer, Waltham, MA, USA).
LDH release was measured at 490 nm using an ELISA reader, according to the manufacturer's protocol (Roche Inc., Pleasanton, CA, USA). The resulting value was expressed relative to the absorbance determined in cells exposed to 1% Triton X-100 (control).
Gene expression study
MTT and LDH assays indicated that NP40 had the greatest effect on SK-N-SH cell viability. To investigate the dominant pathway of NP40-mediated cytotoxicity, the expression levels of 80 genes responsible for human stress and toxicity pathways were quantified (Table 2) . These gene products were involved in the following nine categories of cell damage pathways: oxidative/metabolic stress, hypoxia, cell death (comprising three subgroups relating to apoptosis signaling, autophagy signaling, and necrosis signaling), inflammatory response, DNA damage signaling (comprising two subgroups relating to cell cycle checkpoint/arrest and other responses), and heat shock proteins/unfolded protein response (Table 2) .
Total RNA was isolated from SK-N-SH cells exposed to 0.001 µM NP40 or vehicle for 24 hours, using the RNeasy mini kit (QIAGEN GmbH, Hilden, Germany). cDNA was synthesized using the Maxime RT premix kit (Intron, Seongnam, Korea) according to the manufacturer's instructions. Gene expression was quantified using the RT 2 Profile PCR Array (Cat. no. PAHS-003ZD-12; QIAGEN). SYBR Green PCR Master Mix (Applied Biosystems, Grand Island, NY, USA) was added, and the arrays were run on a CFX96 Real-Time system (Bio-Rad, Hercules, CA, USA) using cycling programs recom- 
Statistics
Statistical analyses were performed using SAS version 9.3 (SAS Institute Inc., Cary, NC, USA). We performed three replicates of each in vitro experiment for cytotoxicity testing on three independent occasions. Inhibitory concentration (IC) 50 values were calculated using GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA), as appropriate. The results of the MTT and LDH assays were evaluated by one-way analysis of variance and Tukey multiple comparison tests. Student t test was used to compare the replicate (delta delta Ct) values for each gene expression level in the control group, versus those of the treatment groups (Table 3) . Changes in gene expression in the nine key pathways were analyzed using Fisher exact test ( Table  2) . Comparison of the fold change of gene expression in these nine pathways was analyzed using the Kruskal-Wallis test.
RESULTS
MTT assay
SK-N-SH cell viability decreased in a dose-dependent manner following exposure to all the chemicals tested (p < 0.01 for all, compared with vehicle control) (Fig. 1) .
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Activating transcription factor 4 (tax-responsive enhancer element B67) After exposure to 1 mM validamycin, silicon oil, methanol, and sorbic acid, SK-N-SH cell viability was > 60% of that observed in control cells. Yellow 17 showed the least cytotoxicity, with 91.2% ± 4.3% cell viability following exposure to 1 mM of this coloring agent for 24 hours. In contrast, only 3.3% ± 0.2% cells were viable after incubation for 24 hours with 1 mM NP40 (IC 50 = 337.5 µM) ( Figs.  1 and 2 ). Based on these data, we divided the chemicals into three toxicity categories: slightly toxic (80% to 100% viability; validamycin, yellow 17, and silicon oil); moderately toxic (60% to 80% viability; methanol and sorbic acid); and severely toxic (< 10% viability; NP40).
LDH assay
Validamycin, sorbic acid, and silicone oil did not cause any significant elevation of LDH release from SK-N-SH cells (p > 0.05), while methanol and sorbic acid caused only small amounts of LDH release (7.5% ± 2.6% and 10% ± 7.4%, respectively), even at a high concentration (1 mM). In contrast, and consistent with the MTT assay data, NP40 was moderately to severely cytotoxic (57.2% ± 1.5% LDH release) (Fig. 3) . Cell viability following exposure to nonyl phenoxypolyethoxylethanol (NP40). Human neuroblastoma SK-N-SH cells were exposed to the indicated concentrations of NP40, from 1 nM to 1 mM. Cell viability was measured using MTT assays. The inhibitory concentration (IC) 50 was 337.5 µM (n = 6 for each data point).
Pathway-related gene expression following NP40 treatment
Sixty-three out of 80 genes showed significant expression changes, based on Student t tests of the replicate (delta delta Ct) values for each gene in the control and treatment groups (p < 0.05) ( Table 2 ). The expression changes were varied, with some up-regulated and others down-regu lated within the same pathway (Table 2) . However, genes in the cell death (necrosis signaling) pathway and DNA damage signaling (cell cycle checkpoint/arrest) pathways were the most noticeably affected, with down-regu lated of all genes tested in the cell death (necrosis signaling) pathway and up-regulation of all genes tested in the DNA damage signaling (cell cycle checkpoint/arrest) pathway ( Table 2) .
The mean fold-change in gene expression was 2.42 (SD, 0.67; range, 1.44 to 3.30) within the cell cycle checkpoint/arrest pathways, and -1.91 (SD, -0.74; range, -1.17 to -2.90) within the cell death (necrosis signaling) pathway ( Table 2 ). The median fold change in gene expression was significantly higher in the DNA damage signaling (cell cycle checkpoint/arrest) pathway than in the hypoxia pathway (p = 0.0064) ( Table 4) .
The 70 kDa heat shock protein 4 gene (within the heat shock protein/unfolded protein response category) showed the highest individual increase in expression (26.1-fold) ( Table 2) .
DISCUSSION
The present study investigated the effects of the ingredients of a validamycin formulation on the human neuroblastoma cell line, SK-N-SH. NP40, a surfactant that acts as an emulsifier, produced the most cytotoxic effects. This finding was consistent with those of previous studies [5] [6] [7] .
We have previously performed a number of studies investigating the roles of surfactants in pesticide intoxication [8] [9] [10] [11] [12] . These have revealed that surfactants Exposure of these cells to methanol and sorbic acid caused some LDH release (7.5% ± 2.6% and 10% ± 7.4%, respectively), indicating some cytotoxicity, while nonyl phenoxypolyethoxylethanol (NP40) had moderate to high cytotoxicity (57.2% ± 1.5%) (n = 7 for each data point). NS, not significant. negatively impact cells in a variety of ways, including breaking down the cell membrane, altering metabolic and mitochondrial activity, disrupting total protein synthesis [12] , and facilitating mitochondrial damage-induced apoptosis and necrosis [9] . Based on our clinical experience, neurologic abnormalities such as unconsciousness and apnea are frequently observed clinical manifestations in patients with surfactant intoxication. For this reason, we choose a human SK-N-SH neuroblastoma cell line for the present study.
To identify the dominant pathway involved in NP40-mediated cytotoxicity, we investigated the expression of 80 genes involved in human stress and toxicity pathways. The effects of NP40 on gene expression varied greatly and we identified up-and down-regulation of genes within several pathways (Table 2 ). These findings suggested that intracellular signaling changes resulting from NP40 exposure were complex. The range of changes observed may result from components of the pathways affecting each other, or could reflect cross-talk between pathways [13, 14] .
However, the DNA damage signaling (cell cycle checkpoint/arrest) pathway was the most noticeably affected, with up-regulation of all genes. The genes in this category were HUS1, CHEK2 (RAD53), DNA-damage-inducible transcript 3 (DDIT3) (GADD153/CHOP), RAD17, RAD9A, cyclin-dependent kinase inhibitor 1A (p21, Cip1) (CDKN1A [p21CIP1WAF1]), MRE11 meiotic recombination 11 homolog A (MRE11A), and nibrin (NBN [NBS1]) ( Table 3 ). The main function of the proteins encoded by these genes is to maintain genomic stability and conserve DNA integrity. The repair of damaged DNA is coupled to the completion of DNA replication by several cell cycle checkpoint proteins, including HUS1, RAD9A, and RAD17 [15, 16] . CHEK2 is a protein kinase that is activated in response to DNA damage and may regulate cell cycle arrest. Hirao et al. [17] demonstrated that CHEK2 -/-embryonic stem cells failed to maintain γ irradiation-induced G2 arrest.
Similarly, the other genes in this category, including DDIT3 (GADD153/CHOP) [18] , CDKN1A (p21CIP1WAF1) [19] , MRE11A [20] , and NBN (NBS1) [21] , are strongly activated in response to genotoxin-induced DNA damage. Taken together, our results suggested that NP40 acted as a potent genotoxin and activated DNA damage signaling within the cell cycle checkpoint/arrest pathway.
In contrast, expression of growth factor receptor-bound protein 2 (GRB2), poly (ADP-ribose) polymerase 1 (PARP1 [ADPRT1]), tumor necrosis factor receptor superfamily, member 10a (TNFRSF10A), and tumor necrosis factor receptor superfamily, member 1A (TNFRSF1A) within the cell death (necrosis signaling) pathway was down-regulated when SK-N-SH cells were exposed to NP40 (Table  2) . GRB2-associated binders are scaffolding proteins implicated in cell signaling via receptor tyrosine kinases. Inhibition of GRB2 function blocks transformation and proliferation of various cell types and targeted gene disruption of GRB2 is lethal at an early embryonic stage in mice [22] . PARP1 protects cells from genomic instability and is involved in the inflammatory response and in several forms of cell death [23] . TNFRSF10A [24] and TNFRSF1A [25] belong to the tumor necrosis factor receptor (TNFR) super family. These receptors appear to transmit their signals via protein-protein interactions, which convey either a death or survival signal.
The 70 kDa heat shock protein 4 gene, within the heat shock protein/unfolded protein response category, showed the highest individual increase in expression (26.1-fold) ( Table 2) . In vivo and in vitro studies have shown that various stressors transiently increase production of heat shock proteins as a protection against harmful insults, such as environmental stresses and infection [26] .
A thorough discussion of treatment modality is beyond the scope of this paper. However, we would like to briefly address our administration of an intravenous lipid emulsion to this patient. The predominant theoretical basis for the use of lipid emulsions proposes that the creation of an expanded intravascular lipid phase drives toxic lipophilic drugs from the target tissues into this "lipid sink" [27] . Typically, surfactants are amphiphilic organic compounds, meaning that they contain both a hydrophobic group and a hydrophilic group [28] . They will diffuse in water and adsorb at the lipid-water interface when water is mixed with a lipid. Therefore, we believe that a circulating lipid emulsion probably alters surfactant kinetics and biological effects.
Our study had some limitations. First, we were unable to calculate how much of each chemical would have been absorbed after the herbicide was ingested, due to the lack of pharmacokinetic data. Second, it is impossible to precisely model the patient's physiologic state in
